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Coalescing neutron stars may be the most promising sources of detectable
gravitational radiation.' It has been recently advocated that one can measure
the Hubble constant using the gravitational radiation emitted by such sources?
Clark, van den Huevel and Sutanyou® estimated that the rate of formation of
close neutron star close binaries is 3+ 1.6-10"'y~! in the galaxy. However this
frequency is highly uncertain. In this letter we note that such events could
yield the r-process elements if they occur with sufficient frequency. * We also
propose that such a process would yield naked neutrino bursts® which have
a distinct gamma ray signature and those might be observed as a subclass
of gamma ray bursts. It is remarkable that the above estimate for the rate
of these events yields the observed amounts of r-process elements and the
observed rate of gamma ray bursts. We also mention that such events may
be related to millisecond pulsars formed by collapse of rapidly rotating white
dwarfs °

The binary pulsar system will coalesce in roughly 10% yr using this fact together with
the pulsar birth rate and the observation of one close binary pulsar in 300 one can to
estimate the formation rate. With 450 pulsars observed now their estimate should be
decreased by a factor of 1.5 but this will not change our discussion. The natural progenitor
for a close neutron star binary system is a massive x-ray binary. Clark et al.¥ estimate that
the probability of disruption of such a pair in the supernova of the secondary is 0.1-0.2
and this leads to a formation rate that agrees with the one based on pulsar statistics.
Alternatively, neutron stars that formed in separate events might become attached in
dense globular cluster’. These mechanisms lead to roughly equal mass binaries with both
neutron stars of 1.4Mc,.

On the other hand a separate class of neutron star binaries that begin very close might
have escaped detection because of their short decay time 7 ., via gravitational radiation.
For example, it has recently been suggested by Gnndlay and Bailyn ® that millisecond
pulsars arise from accretion induced collapse of white dwarfs in binaries.” These authors
argue on statistical grounds that low mass X-ray binaries are too rare to be the progenitors
of millisecond pulsars. as had been previously proposed.? Since the white dwarfs are likely
to be spun up to maximum angular momentum, the collapse to a neutron star is likely to
“fizzle,” and become two neutron stars in orbit around each other”. Is not unlikely that
the two neutron stars have significantly different masses.

Essentially for all equations of state, the less massive component has a larger radius,
10 R,, Since it also has the smaller Roche lobe radius, Ry, it is invariably the lighter
component (the secondary) which fills first its tidal lobe. Once the secondary fills its
Roche lobe, mass transfer ensues. If (; = (g;ﬁ%)ad > (= (g{—;‘—ﬁ-‘;), the mass transfer
is dynamically stable while (5 < {; results in unstable mass transfer. The latter situation
arises when the donor neutron star is comparable or only slightly smaller in mass than the
larger. A high initial mass ratio will result in a stable mass stripping process.

Clark and Eardley! discussed the evolution of a close neutron star binary. In systems
which are unstable to dynamical timescale mass transfer, the margin by which the less
massive neutron star overfills its lobe first grows until the orbital evolution is dominated by
mass exchange (rather than by gravitational radiation), whose timescalel! Af,, is ~ 6ms
for masses of M; = 1.4Mg, M, = 1.2M;, Once the mass transfer timescale becomes
shorter than the gravitational radiation timescale. mass loss accelerates rapidly. In a
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three-dimensional simulation of this process for a doubly degerate binary system, it is
found that the lighter component is completely dissipated in a little more than two orbital
periods (~ 4ms in our case). The secondary is transformed into a thick axially symmetric
disk orbiting around the primary. Such configurations for the double white dwarf case
have been recently constructed by Mochkovitch and Livio!3. In the calculation of Bengz et
al.,'* about 0.3% of the total mass escaped the system. A similar fraction can be expected
in our case, since it depends mainly on the surface potentials of the two stars and is thus
proportional to (1 — MR, /M R;).

The calculations of Benz et al.!? and Mochkovitch and Livio '3 have shown the col-
lapse does not result immediately (in the double white dwarf case) even though the total
mass exceeds the Chandrasekhar mass. This is mainly a consequence of centrifugal sup-
port (the value of kinetic to gravitational energy, also indicates stability). Thus, the late
stage evolution of the configuration depends crucially on transport and disposal of angu-
lar momentum from the disk. If angular momentum transport occurs entirely by means
of degenerate matter vicscosity!? then extremely long viscous timescales are obtained.
Mochkovitch and Livio !* have shown, however, based on the value of the Reynolds num-
ber. that turbulence may arise in significant fractions of such a disk. In this case, the rele-
vant viscosity may be turbulent viscosity viups = 2 % 10%cm?2s~( msct;;s—l I ll)itcm N 5?50 )y~
where I; and vr are typical size and velocity of a turbulent cell and RS 1s the critical

Reynolds number. Such a turbulent disk will transport angular momentum on a timescale
Tuss 2 500( rgiems ) (roissdey=r) " sec.

If the binary is stable (¢; > () against dynamical timescale mass transfer (e.g. if
the initial mass ratio is large), the mass transfer rate will approach asymptotically a value
dictated essentially by gravitational radiation 15 M, ~ —(szg’i)rﬂ. This accretion rate is
enormous and it raises again the question of disposal of angular momentum and of the
ability of the accreting neutron star to accomodate the enormous mass influx as discussed
above.

Incidentally the stable mass transfer case leads to another interesting possibility. Neu-
tron stars have a minimum mass below which they are unstable to free expansion. In the
present context, the mass losing component may be stripped to the minimum mass before
colliding with the more massive one and at this stage it will explode!®

An interesting feature of the decompression of the secondary is the accompaning deneu-
tronization of the material. One expects the neutrons to collect into large droplets, as is the
case, say for decompressing water!” The beta timescale, assuming neutron-proton Fermi
energy differential in the neutron rich nuclei to be of order a few MeV. or on the timescale
of a few milliseconds near the neutron drip line comparable to the decompression timescale.
Hence the deneutronization is non-adiabatic. This would have two important implications.

First, the decompression can occur while the nuclei are far from the valley of beta
instability, and it is a potential r-process site, as suggested by Lattimer and Schramm?*
and Symbalisty and Schramm?!®. Lattimer et al. and Meyer!” have pointed out that
such a process can produce the r-process nuclei with the neutron magic number induced
r-process abundance peaks '* occurring in the observed mass range. This is particularly
interesting since these abundance peaks are observed to be quite narrow and distinct
from the corresponding s-process abundance peaks. More conventional r-process models
mvolving supernova explosions require fine tuning of temperature and neutron densities
m a multitude of different dynamical events to produce sich sharp peaks?®. On the other
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hand neutron star decompression could achieve the sharp peaks via intrinsic nuclear phvsics
and not have to rely on hydrodynamic concordance in different events.

Neutron capture is extremely rapid and throughout most of the decompression the
nuclei are kept very close to the neutron drip line. However. because the 3-decay timescale
there is comparable to the expansion timescale. there is a significant amount of radioactive
heating, the temperature may be of order 1 MeV' throughout most of the decompression
phase, and the actual neutron excess may be somewhat below that of the zero temperature
neutron drip line, as required by the location of the r-process peaks.

Secondly, the anti-neutrinos should be emitted at an energy of up to order MeV ranging
up to several MeV. Furthermore the J-decays are usually to MeV level excited states which
rapidly emit gamma-ray cascades on their way to the valley of stability.

At the larger neutron star, accreting most of its companion over a timescale of order
10~%s, energy is liberated at a rate of order 10° erg s~!, and copious neutrino emission
is expected. The rate of mass infall onto the primary neutron star is within an order of
magnitude of that expected in spherically symmetric core collapse scenarios, so the neutrino
spectrum, which is buffered by energy dependent interaction cross sections, should resemble
the (now measured) burst from a core collapse. Note that in this case here the matter on
the envelope is hottest and it is easier for the neutrinos to diffuse. The diffusion timescale
for the neutrinos is of order 1 s, but because the distribution of infalling material is biased
towards the orbital plane, neutrinos may escape out of the plane on a significantly shorter
timescale. Altogether,~ 10°% ergs are expected from the accretion onto the primary neutron
star, a sixth of which are electron neutrinos {(unfortunately, such neutrinos could not be
detected with existing detectors beyond ~ 100 kpe). About 105! ergs in anti-neutrinos are
expected from the deneutronization of the companion during its decompression.

The electron type neutrinos from the accreting neutron star and the anti-neutrinos
from the disrupted one can pair-produce at suitably triangulated points out of the orbital
plane. The efficiency with which the anti-neutrinos are converted is roughly??

(E,/10%%ergs)
(E,/10MeV)

e="7. 10_3af[(a,,,—,/10_“cm2)(EU/IOJI’IeV)Z][ Y R/10%m) ™ (7/0.1sec)™!

where o,; is the cross section for v — ete™, E, is the total energy emitted in neutrinos,
E, is the average energy of a neutrino; R is the size of the region where the neutrino flux
is large and 7 is the duration of the neutrino burst; a is a geometrical factor that depends
on the geometry of the neutrinosphere and f is the filling factor of the system.

The total energy converted to pairs and, ultimately, the time profiles of the neutrino
emission make this estimate rather uncertain. The primary gamma cascades accompanying
the 3-decay anti-neutrinos should be within an order of magnitude in energy thus > 10°°
ergs.

A comparable or larger gamma ray flux might be produced from pair production by
v - v pairs emerging from, say, opposite sides of the massive neutron star, though the
geometry is less favorable. the greater total energy and the greater compactness may more
than compensate for it. Here the key uncertainty is the matter that presumably envelopes
the more massive neutron star as it accretes onto it. Since this matter is intensely heated
by its own radioactivity, we cannot draw too many parallels with previously worked out
catastrophic mass transfer scenarios. In order that the gamma rays emerge before complete
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degradation, they must be produced beyond the accretion column. and this may require too
small an intersection angle between the neutrino and anti-neutrino trajectories to sustain
a center of mass energy comfortably above 2 m.c?.

The gamma ray fireball has such a large compactness parameter, that any soft photons
produced within are Compton upscattered and kinetic equilibrium is attained with the
remaining pairs. The fireball is optically thick as long as T' > 10° A" and pairs are produced.
The fireball will expand until a vast majority of the pairs have annihilated irreversibly, and
it becomes optically thin. While the photons are redshifted during the expansion in the
frame of the co-moving fluid, the bulk expansion at the onset of transparancy blue-shifts
them in the frame of the observer by the same factor. The overall spectrum will be a
modified black body with the initial temperature but with fewer hard photons.?' A big
uncertainty in the actual results of the fire ball stems from the potential appearance of
a thick baryonic wind. If a large amount of matter is mixied with the fireball most of
the available energy will go to its acceleration and the gamma ray signal will not be that
strong.

For a luminosity of 10'" erg s=! emitted from a region of size 2 x 107 cm. the typical
temperature is just about 10° Ii. The spectrum and timescale should be rather like that
of a typical gamma ray burst. Since the Universe is transparent to soft gamma rays, >? it
should be detectable to ~ 100 Mpc with fluences typical of gamma ray bursts (10* eV /cm?)
if the energy output is of order 10*® ergs. However, we do not expect it to have cyclotron
absorption features nor a significant non-thermal tail above several MeV. Each of these
features are a relatively common feature among gamma ray bursts hence the scenario we
propose can explain at most a proper subset of them, i.e. “featureless” gamma ray bursts.
These featureless bursts would be extragalactic and thus isotropic. Statistics on featureless
gamma ray bursts thus can provide an estimate of the rates of neutron star coalescence
events.

In numerical models of cataclysmic mass transfer. some small fraction (~ 0.3%) of the
transferred mass is driven to infinity. It is possible that the radioactive heating, which can
supply about 3 x 107% Mc?, can cause most of the disrupted star to explode and escape to
infinity. There is about 10°> M per galaxy in all material that might be r-process classified
and a few 10° Mg in the heavy r-process material that might be favored in this type of
event. If we assume that about 0.3%My is ejected per event. then they need to occur at
a rate between 3-10° and 3-107 times per galaxy per Hubble time {the first number is if
we wish to explain the heavy r-process material and the second one if we want to explain
all r-processed material in this way) These rates nicely bracket the rate predicted by Clark
of 3-107* events per year per galaxy. If a subset of these events is also to account for
mullisecond pulsars, then we require only about 1075 events per year, or 103 per galaxy per
Hubble time. Here we have assumed an average spin down time for a typical millisecond
pulsars of 10° years, and that there are currently about 10* millisecond pulsars in our
galaxy.

The scenario makes two simple observational predictions: 1) Assuming that ~ 10°
galaxies are within 100 Mpc and that the bursts are indeed detectable out to that dis-
tance, then an occurrence of &~ 10™* per galaxy per vear yields a detection rate of 10 per
vear. With the OSSE experiment on the Gamma Ray Observatory, it will be relatively
straightforward to distinguish featureless, highly thermal gamma ray bursts from the oth-
ers. Should such a class be identified, we suggest it would be worthwhile checking for



identifications of featureless gamma ray bursts with galaxies. 2) Gravitational radiation
events of this nature should be detectable with a 30¢ signal up to a distance of 100 Mpc and
with a 3o signal up to a distance of 1000Mpc by the proposed Caltech-MIT Gravitational
Wave Detector.? The rate of the stronger events should be comparable to the gamma ray
bursts of this kind and coincidence of such gamma ray bursts with gravity waves may in
fact provide the most stringent observational test of the scenario. If verified it could help
prove this as the astrophysical site for the r-process.
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